In the past two decades, laser-accelerated ion sources and their applications have been intensely researched. Recently, it has been shown through experiments that proton beams with characteristics comparable to those obtained with solid targets can be obtained from gaseous targets. By means of ParticleIn-Cell simulations, this paper studies in detail the effects of a near-critical density gradient on ion and electron acceleration after the interaction with ultra high intensity lasers. We can observe that the peak density of the gas jet has a significant influence on the spectrum features. As the gas jet density increases, so does the peak energy of the central quasi-monoenergetic ion bunch due to the increase in laser absorption while at the same time having a broadening effect on the electron angular distribution.
Introduction
Due to the present increases in maximum attainable laser intensity through high power short pulses (femtosecond range) an increased focus has grown in developing potential laser plasma sources with applications in proton radiography [1] , fast ignition [2] , hadrontherapy [3] , [4] , radioisotope production [5] and laboratory astrophysics [6] . The key factor in the development of all these applications is the need for collimated ion beams that exhibit an adjustable energy bandwidth. The high repetition requirement can be overcome with the new laser facilities either available such as the BELLA laser [7] , or under construction, such as the ELI-NP facility [8] . Ions are accelerated by different physical processes in the laser-target interaction, processes that depend on their region of origin in the target. The shared common feature of these mechanisms is that the ions are accelerated by intense electric fields, occurring because of the strong charge separation induced by the interaction of the laser pulse with the target, directly or indirectly. We can identify two distinct main sources for charge displacement. One is the charge gradient caused by the direct action of the laser ponderomotive force on the electrons in the front surface of the target, which is the premise for the Radiation Pressure Acceleration (RPA) process [9] [10] [11] . The second source comes from the laser radiation being converted into kinetic energy of a relativistically hot (~few MeV) electron population. The hot electrons move and recirculate through the target, forming a cloud of relativistic electrons around the target, in the vacuum. The cloud extends for several Debye lengths, creating an extremely intense longitudinal electric field, mostly directed along the surface normal, which, consequently, is the cause of the efficient ion acceleration [12] , [13] that leads to the Target Normal Sheath Acceleration (TNSA) process [14] .
Another mechanism that relies on the acceleration of particles through the laser radiation pressure is the hole-boring (HB) scheme [15] . This process occurs in thick targets and it accelerates directly the ions found at the critical density interface where the laser pulse is stopped [16] .
When using near-critical density, partially expanded targets [17] , [18] , one can observe the occurrence of the Magnetic Vortex Acceleration mechanism (MVA). This mechanism relies on the quasistatic magnetic field generated by the fast electron currents in the vicinity of the rear target surface which, in turn, are generated by the propagation of the laser light through the expanded target. It has been proven that this quasistatic magnetic field generates an inductive electric field at the rear side of the target which augments the TNSA ion acceleration [19] [20] [21] [22] .
The Collisional Shock Acceleration (CSA) is another acceleration scheme introduced for target densities comparable to the laser light critical density [23] , [24] . This mechanism relies upon the generation of a shock wave in the target with the laser pulse as its source, which reflects ions inside the target, thus accelerating them to high energies. This method was also extended to underdense targets [25] . Compared to solid targets where we have limited laser absorption to the target surface, the laser pulse inside low density targets heats electrons on a large volume which leads to a higher laser absorption overall. This acceleration regime is also advantageous for several applications because of the reduced debris produced. Another advantage of such targets is the adaptability to high repetition rate lasers. A typical problem for thin foils is the laser contrast, but in the case of near-critical targets this becomes less detrimental as gas jets are do not absorb much laser energy for laser intensities below 10 13 W/cm 2 for a one micron wavelength laser. Ion acceleration produced from the interaction of a very high intensity laser with underdense targets has been studied with Particle-In-Cell (PIC) simulations [26] [27] [28] , but the simulated targets did not reproduce the gas targets available for experiments. The first experiments of ion acceleration via laser interaction with underdense targets showed radial acceleration [29] . Recent experiments proved that using high intensity lasers one can obtain strong longitudinal proton acceleration [30] [31] [32] . In this case the energy of the longitudinally accelerated protons is greater than the one of the transversally accelerated protons. The accelerating mechanism that causes the energetic accelerated ions seen in [30] [31] [32] has not yet been described in detail and therefore is the center of an ongoing debate [19] , [33] . In the case of near-critical gas targets, the density gradient is not easy to achieve experimentally, thus, the dependence of the particle acceleration on the specific plasma density is important in order to optimize such experimental efforts.
In this article, we study the use of near-critical gas jet with a peak density varied from 1n c up to 4n c coupled with a ultra high intensity laser pulse. Electrons and ions are efficiently accelerated in terms of energy and charge but the collimation of the particle bunch is not optimal in the case of the ions. Xenon was chosen to populate the simulated gas jet because of its high Z. We show the dependence on target density of the maximum energies achieved for both Xe ions and electrons.
Simulation Parameters
In this work, 2D PIC simulations were performed using the code PICLS [34] . The wavelength of the incident pulse is 1 μm, with a laser pulse period of 3.3 fs and an irradiance of 1×10 22 W/cm 2 . The full width at half maximum (FWHM) of the focal spot is 5 μm. The pulse interacts with the target at normal incidence and the spatial and temporal profiles are truncated Gaussians. The plasma is composed of Xenon ions and electrons with a maximum density that was varied from 1n c up to 4n c (n c = ε 0 m e ω 0 2 /e 2 is the critical density of the laser). The development of very dense gas jets intended for laser-plasma interaction experiments was already proven [35] . The simulation box is composed of a grid with the size of 1200x400 cells. Each cell contains 55 macroparticles (54 electrons and 1 Xe ion). The gas target has a cos 2 density profile with a 100 microns FWHM in the x direction and uniform in the y direction. The spatial and temporal resolution (x/ and T/T 0 ) are set to 10. Each simulated case performed 3011 iterations, amounting for 1 ps of real-time interaction. The PICLS code used for the simulation work uses the ionization module presented in [36] . The general setup for the studied cases can be seen in Figure 1 . 
Results and Discussions
In the following we will discuss the simulation results obtained with the conditions previously described. The analysis of the results is done at 429 fs after the start of the interaction, at the moment when the laser pulse exits the simulated gas jet. As expected, due to the gaseous nature of the simulated target, initially, the focused ultra-short laser pulse rapidly ionizes the gas particles as an effect of the strong electromagnetic field that is created at the edges of the laser pulse. After its creation in the target, the plasma interacts with the most intense part of the laser pulse, pushing the plasma electrons on radial directions as an effect of the ponderomotive force. This radial acceleration forms a spherical shaped cavity within the target (which surrounds the laser pulse as it advances), with a dense sheath of electrons at its edge. As seen in Figure 2 , the charge displacement produced by the movement of this cavity through the gas target accelerates the Xe ions on a similar transverse direction. Furthermore, we can observe that with each density increment the amount of laser energy that is absorbed increases, making the channel acceleration due to the movement of the cavity through the target geometry more clear at high densities.
When investigating the angular energy distributions of the accelerated electrons (seen in Figure 3 ), it is evident that the most energetic acceleration is being done at a 15° angle in relation to the normal incidence. Furthermore, with the increase in target density we can observe a decrease of the electron maximum energy, from 640 MeV in the least dense case, down to 440 MeV in the maximum density case. Even though we observe an increase in laser energy absorption into the target due to the increase in density (Figure 3 .e), as seen in the past [37] this density increase also has the effect of broadening the angular distribution of the electrons. Analyzing the angular distribution of the Xe ion energies (Figure 4) , we can clearly observe the transverse acceleration that occurs due to the ponderomotive force. The most energetic ions are accelerated at an angle of 90° in relation to the normal incidence. Even though the most energetic particles are accelerated on a transverse direction, it is important to note that there is also an important coagulation of accelerated particles, at slightly lower energies, with a collimation of less than 20°. The maximum energy of the ions found in the central bunch increases with the target density, from an approximate value of 250 MeV to 600 MeV while the transversely accelerated ions maximum energy increases from 790 MeV to 1730 MeV from the low density case to the high density one. The effects of the increased laser energy absorption (Figure 3 .e) can be seen in the significant increase in energy for the accelerated ions that occurs with the increase in gas jet peak density. As expected, we can see in Figure 5 that the y component of the electric field generated by the laser pulse within the target structure exceeds the value of the incident component, accounting for the greater energies of the radially accelerated particles. The effects of the increased laser energy absorption that occurs with the increase in target density can be observed by looking at the profiles for both components of the electric field. There is a significant increase in the electric field magnitude from the low density case, of target density equal to the laser light critical density ( Figure 5.a) , to the highest density studied, with a target density four times higher ( Another important aspect of our study is the production of gamma photons. Because of the ultra-high intensity of the laser pulse, the radiation loss of an accelerated electron can no longer be negligible and affects the electron motion (radiative damping) [38] . This process becomes dominant at high intensities, such as those described here, when the Bremsstrahlung emissions saturate and thus is the main source of hard x-rays in this regime. In Figure 6 we present the angular energy distribution of the emitted gamma photons plotted for four different target densities, starting from a density equal to the laser critical density (Figure 6 Analyzing the photon count as a function of their energy (Figure 7 ), we can observe that the general trend of the photon energy distribution is conserved within all the density cases presented. The simulation results indicate that the maximum emitted photon count increases with the increase in target density, and a cutoff at the 250 MeV energy level is observed for the cases simulated. 
Conclusions
This paper studies the effects resulted from the manipulation of the density of a gaseous Xe target in interaction with a high intensity ultra-short laser pulse in order to prepare first ultra high intensity experiments on facilities like BELLA, CETAL, APOLLON and the ELI high power lasers. The results of the PIC simulations performed indicate that the spectrum features can be controlled by changing the peak density of the gas jet when using ultra high intensity laser pulses, in correlation with the results reported for lower intensity pulses reported in the literature [37] , [39] . With the increase in gas density we also observe an increase in energy for the accelerated ions. A careful analysis of the acceleration direction also reveals that in a similar manner, for a simple cos2 density profile, the increase in density also accentuates the transverse ion acceleration. Further studies need to be done in order to find a suitable density profile that is both experimentally feasible and can reduce the transverse acceleration that was observed from the use of this geometry. The emitted gamma photons with a maximum energy around 250 MeV present a good collimation under 0.4 rad (~22°), with the highest energies observed in the 4nc case. The photon distribution as a function of the energy is consistent through all density cases.
